The aim of this study was to develop a thermally and operationally stable trypsin through covalent immobilization onto chitosan magnetic nanoparticles (Fe 3 O 4 @CTS). The successful preparation of the Fe 3 O 4 @CTS nanoparticles was verified by Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), X-ray diffraction (XRD), and transmission electron microscopy (TEM), which indicated that the prepared Fe 3 O 4 @CTS nanoparticles have superparamagnetic properties, with an average size of approximately 17 nm. Then, trypsin was covalently immobilized onto the Fe 3 O 4 @CTS nanoparticles at a high loading capacity (149.25 mg/g). The FTIR data demonstrated that the trypsin had undergone a conformational change compared with free trypsin, and the Michaelis constant ( ) and the maximum hydrolysis reaction rate ( max ) showed that the trypsin immobilized on the Fe 3 O 4 @CTS had a lower affinity for BAEE and lower activity compared with free trypsin. However, the immobilized trypsin showed higher activity than free trypsin at pH 6.0 and in alkaline conditions and retained more than 84% of its initial activity at 60 ∘ C after 8 h incubation. Its excellent performance across a broader pH range and high thermal stability, as well as its effective hydrolysis of bovine serum albumin (BSA) and its reusability, make it more attractive than free trypsin for application in protein digestion.
Introduction
Trypsin (E.C.3.2.1.17), which selectively hydrolyzes the arginine and lysine residues of proteins, is often used as a protein digestion reagent in food industry [1, 2] . However, free trypsin suffers from a number of problems in practical applications, including a high expense, instability, and difficulties with its recovery from the reaction system. Furthermore, the digestion of proteins in solution is usually slow and inefficient because of the self-digestion of the trypsin [3] . To address these problems, the immobilization of the enzyme, leading to superior performance, has been widely investigated. An immobilized enzyme is one that is attached to a solid support, such as membranes [3] , nanoparticles [4, 5] , or porous materials [6, 7] , through physical or chemical methods. The notable advantages of immobilization include improved enzyme stability, ease of isolation from the protein digestion solutions, and the possibility of repeated use [8, 9] . Among the most widely reported enzyme carriers, Fe 3 O 4 magnetic nanoparticles, which allow the products to be easily separated from the mixture, have attracted interest for their biological compatibility [10] . However, because of the weak interactions between the enzyme and the Fe 3 O 4 magnetic nanoparticles, the use of naked Fe 3 O 4 nanoparticles for trypsin immobilization leads to low loading and instability of the enzyme. By modification of the Fe 3 O 4 nanoparticles, not only can their stability be improved, but also the efficiency of enzyme immobilization.
Chitosan (CTS) is a renewable resource, which is second only to cellulose in natural abundance, and biocompatible, biodegradable, and nontoxic [11, 12] , more suitable for application in food. In addition, CTS has a significant affinity for proteins because of the highly active interface formed by the hydroxyl and amino groups in CTS molecules. Therefore, CTS has broad application prospects in the field of enzyme immobilization.
In our previous study, we reported a novel and facile method for the application of carboxymethyl CTS magnetic nanoparticles as a new class of nanocarriers for trypsin immobilization through physical adsorption [13] . However, 2 Advances in Materials Science and Engineering the results indicated that the immobilized trypsin prepared by physical adsorption was easily detached from the carriers, which hindered its practical application in complex system of food.
To date, there have been many studies of trypsin immobilization, most of which have aimed at enhancing the efficiency and activity of the immobilized trypsin. However, being thermally and operationally stable is also crucial for promoting the industrialization of immobilized trypsin. Hence, in this study, the surface decoration of Fe 3 O 4 nanoparticles by CTS and their subsequent application for trypsin immobilization were achieved through glutaraldehyde coupling, which was found to prevent enzyme loss from the support and enhance the stability and reusability of the trypsin. The synthesized CTS magnetic nanoparticles (Fe 3 O 4 @CTS) were characterized by FTIR, XPS, XRD, and TEM in terms of their specific functional groups, crystal structure, and surface morphology. For the immobilized trypsin, its conformation, kinetic properties, response to pH, and thermal stability, as well as its applicability and reusability for protein digestion, were evaluated in detail. [14] . Firstly, 160 mL of liquid paraffin, 12 mL of Tween-80, and 0.1 mL of magnesium stearate were added into 1L three-necked bottles under continuous stirring. Secondly, 0.6 g of CTS and 1.2 g of Fe 3 O 4 magnetic nanoparticles were dissolved in 40 mL of 1.5% (v/v) acetic acid solution under ultrasonic dispersion for 2 h, then added into the above solution, and left to react for 1 h at 40 ∘ C. Thirdly, 20 mL of 5% (v/v) glutaraldehyde solution was added to the above solution and left to react for 1 h; then, the pH of the reaction medium was adjusted to above 10 using NH 3 ⋅H 2 O solution and left for 60 min at 60 ∘ C. Finally, the synthesized magnetic nanoparticles were gathered by a magnet and rinsed with ether, acetone, ethanol, and distilled water in sequence to remove the unreacted chemical reagents. 
Materials and Methods

Materials. N-
Covalent Immobilization of Trypsin.
The above activated Fe 3 O 4 @CTS solution was mixed with 1 mg/mL of trypsin solution, and the mixed solution was shaken at 160 rpm at room temperature for 30-120 min. After the immobilization, the trypsin immobilized on Fe 3 O 4 @CTS was collected by a magnet and then washed four times with 3 mL of PBS. The trypsin concentrations before and after immobilization on the Fe 3 O 4 @CTS in the buffer solution were determined from their absorbance at 280 nm.
Trypsin Activity Assay.
The bioactivity of the free and immobilized trypsin was detected by the method of Schwert and Takenaka with some modifications [15] . The blank solution contained 2.8 mL of 1 mM BAEE in 25 mM of NH 4 HCO 3 buffer solution (pH 8) and 0.2 mL of 1 mM HCl, and the test solution contained 2.8 mL of 1 mM BAEE solution and 0.2 mL of immobilized trypsin (1 mg/mL). The absorbance at 253 nm was measured every 30 s for 4 min at 25 ∘ C. The step-by-step assay procedures for trypsin bioactivity can be found in our previous study [13] .
The activity was calculated with the following equations:
Activity (BAEE unit/mL) = Δ 253 nm/min 0.001 × (trypsin) ,
.
(
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In the case of native trypsin, the activity measurement was performed following similar procedures and conditions to those for immobilized trypsin.
Optimal pH for Trypsin Activity.
The optimum pH of the free and immobilized trypsin was studied over a pH range of 6-9.6. The enzyme assay was carried out with the substrate prepared in buffer solutions of varying pH: 20 mmol/L PBS for pH 6.0 and 7.0; 20 mmol/L NH 4 HCO 3 buffer solution for pH 8.0; 20 mmol/L boric acid-borax buffer solution for pH 8.4 and 9.0; and 20 mmol/L borax-NaOH buffer solution for pH 9.6. The reaction mixtures were incubated at 25 ∘ C for the enzyme assay, and the optimal activities for immobilized and free trypsin were taken as 100%.
Thermal Stability.
The thermal stabilities of trypsin in its free and immobilized states were evaluated by measuring the residual activity at 60 ∘ C in BAEE buffer solution (pH 8, 20 mmol/L, NH 4 HCO 3 ). The residual trypsin activity was measured at varying periods of time (2, 4, 6, and 8 h). The free and immobilized trypsin without incubation was assigned a relative activity of 100%.
Digestion of BSA Using Immobilized Trypsin.
Bovine serum albumin (BSA; 10 mg in 2 mL of 25 mM NH 4 HCO 3 buffer solution (pH 8)) was denatured in a 95 ∘ C water bath for 15 min. Then, 5 mg of immobilized trypsin was added into the above denatured BSA solution. After incubation at 37 ∘ C for 15 min, the immobilized trypsin was collected under an external magnetic field, and the separated supernatant was characterized by reversed-phase high-performance liquid chromatography (RP-HPLC) at room temperature. RP-HPLC was performed using an Agilent Pursuit5 C18 (250 × 4.6 mm) with the following mobile phases: eluent A (TFA/H 2 O) was composed of 0.02% (v/v) trifluoroacetic acid (TFA) in highly pure water, and eluent B (TFA/ACN) was composed of 0.02% (v/v) TFA in (acetonitrile) ACN solution. The gradient elution of eluent B proceeded as follows: 20% for 5 min, then from 20% to 30% at 10 min, 30-40% at 20 min, 40-50% at 30 min, and 50-60% at 40 min, with a flow rate of 0.5 mL/min, injection volume of 10 L, and wavelength of 214 nm.
2.9.
Reusability. The reusability of the immobilized trypsin was evaluated for BAEE hydrolysis at 25 ∘ C. After each cycle of enzymolysis, the immobilized trypsin was collected and washed several times with pH 8 NH 4 HCO 3 buffer solution (25 mmol/L), and then a new run was started in the same buffer solution. The immobilized trypsin before the first cycle was assigned a relative activity of 100%.
Results and Discussion
Magnetic Nanoparticles:
Characterization. CTS is naturally abundant, biocompatible, biodegradable, and harmless to the environment. Furthermore, the hydroxyl and amino groups in the CTS molecule can form a highly active interface, so the compound has a significant affinity for enzymes via ionic bonds, hydrogen bonds, covalent bonds, and van der As can be seen, all of these peaks were also detected in the spectrum of Fe 3 O 4 @CTS (Figure 1(B) ), together with the characteristic peaks at 1633 cm −1 due to the CHO groups of glutaraldehyde. Therefore, the above results indicate that CTS was successfully bound on the surface of the Fe 3 O 4 nanoparticles through the glutaraldehyde emulsion crosslinking method. [17] . Therefore, the prepared Fe 3 O 4 and Fe 3 O 4 @CTS nanoparticles had superparamagnetic properties and could be efficiently used for enzyme immobilization and separation.
According to the principle of crystal growth dynamics, the nucleation of nanocrystals proceeds by growth in the direction with the lowest energy. Therefore, at low concentration and with a long enough reaction time, all of the nanocrystals will grow in the morphology and direction with the lowest chemical potential, which will lead to the formation of spherical nanoparticles. For this reason, minimizing the concentration is the key to obtaining spherically uniform through glutaraldehyde crosslinking, stabilizing the particles for use in further study and applications.
Trypsin Immobilization Results.
Trypsin is one of the most popular enzymes for protein hydrolysis, but it is not stable in its free state. Hence, in this research, the trypsin was irreversibly immobilized onto the amino-functionalized 
FTIR.
In this study, trypsin was immobilized onto the Fe 3 O 4 @CTS nanoparticles via glutaraldehyde crosslinking. Figure 5 shows the FTIR spectra of the Fe 3 O 4 @CTS nanoparticles, free trypsin, and the trypsin immobilized on the surface of Fe 3 O 4 @CTS. It can be seen that the spectrum of trypsin after immobilization on the Fe 3 O 4 @CTS nanoparticles ( Figure 5 (B)) shows not only the characteristic peaks of C=N at 1647 cm −1 , which were formed from the amino groups of trypsin and the aldehyde groups of the glutaraldehyde-activated Fe 3 O 4 @CTS nanoparticles, but also the characteristic bands of the Fe 3 O 4 @CTS nanoparticles, which are at 558 cm −1 (Fe=O), 2921 and 2852 cm −1 (C-H, stretching vibration), 1455 and 1375 cm −1 (C-N, stretching vibration), and 1034 cm −1 (C-O-C, antisymmetric vibrations) ( Figure 5(C) ). These peaks indicated that the trypsin was successfully immobilized onto the surface of the Fe 3 O 4 @CTS nanoparticles through glutaraldehyde crosslinking.
Secondary Structure of Immobilized Trypsin.
The activity of an enzyme is closely related to its conformation, so maintaining a stable enzyme conformation during immobilization is essential. Hence, the conformational change of trypsin after immobilization on the functionalized Fe 3 O 4 @CTS was analyzed. Compared with the free trypsin, the band shape and peak position in the range of 1600-1700 cm In addition, the secondary structural elements of free and immobilized trypsin were analyzed and calculated using PeakFit v4.12 ( Figure 6 ). As can be seen, the -helix content showed a clear increase from 6.8% to 19.3%, while the contents of -sheet and -random coil showed clear decreases of 19.5% and 10%. However, the decrease in the total content of + was only 7.0%, indicating that, although the trypsin immobilized on the surface of the Fe 3 O 4 @CTS nanoparticles underwent a conformational change compared with free trypsin, the overall conformational state remained relatively compact.
Kinetics of Trypsin Immobilization on Fe 3 O 4 @CTS
Nanoparticles. The effect of immobilization time on trypsin loading was tested at room temperature with initial trypsin concentration 1 mg/g, as shown in Figure 7 (a). As can be seen, the trypsin loading increased rapidly during the first 30 min, after which the increasing trend became relatively slow. This indicated the high efficiency of trypsin immobilization on the Fe 3 O 4 @CTS nanoparticles, due to their characteristics of small diameter and large specific surface area.
The data obtained were analyzed using the Lagergren pseudo-first-order and pseudo-second-order kinetic models. The Lagergren pseudo-first-order model is expressed as follows [18] :
where is the maximum enzyme loading for Lagergren pseudo-first-order kinetics (mg/g), is the enzyme loading at time (mg/g), 1 is the Lagergren pseudo-first-order rate constant (min −1 ), and is the immobilization time. The value of 1/ was plotted versus 1/ according to the Lagergren pseudo-first-order model.
The Lagergren pseudo-second-order kinetic model is expressed by the following equation [19] :
where 2 is the Lagergren pseudo-second-order kinetic rate constant (min −1 ). The value of / was plotted versus according to the Lagergren pseudo-second-order kinetic model. The fitting curves of the Lagergren pseudo-first-order and pseudo-second-order kinetic models are shown in Figures  7(b) and 7(c). As can be seen, the correlation coefficient (
2 ) of the pseudo-second-order model is higher than that of the pseudo-first-order model, indicating that the pseudosecond-order kinetic model is more suitable for fitting these experimental data, and hence the immobilization of trypsin may be a complex process of both physical and chemical adsorption. According to the equation = 0.0067 + 0.0773, the maximum trypsin loading of the Fe 3 O 4 @CTS nanoparticles was 149.25 mg/g under the experimental conditions (trypsin concentration 1 mg/g) which is higher than that reported in some earlier research [20, 21] .
Activity Evaluation of Immobilized Trypsin.
A more accurate assessment of the activity changes of trypsin after immobilization was performed by examining the Michaelis constant ( ) and the maximum hydrolysis reaction rate ( max ) of trypsin before and after immobilization on the surface of Fe 3 O 4 @CTS nanoparticles. The experimental conditions were as follows: BAEE was used as the substrate at various concentrations from 0.5 to 10 mmol/L, and the trypsin activity was evaluated at 25 ∘ C and pH 8.0 in the presence of free or immobilized trypsin. The Lineweaver-Burk equation, shown below, was used to evaluate the of trypsin: where [ ] is the substrate concentration, is the hydrolysis reaction rate, is the Michaelis constant, and max is the maximum hydrolysis reaction rate.
The value of 1/[ ] was plotted versus 1/ according to the Lineweaver-Burk equation.
As shown in Figure 8 , these plots displayed a good linear relationship and could thus be used to evaluate and max . According to the Lineweaver-Burk equation, the calculated value of was 1.76 mM, which was higher than that of free trypsin (0.99 mM). This indicates that the trypsin immobilized on the Fe 3 O 4 @CTS had a lower affinity for BAEE, possibly due to the blocking effect of the Fe 3 O 4 @CTS carriers, which reduces the contact area between the immobilized enzyme and the substrate. Furthermore, max of the free and immobilized enzymes were found to be 1.5366 and 1.3259 mol L −1 min −1 , respectively, suggesting that the immobilization of the enzyme resulted in lower activity compared with the free trypsin. However, the increased enzyme loading was sufficient to offset the conformational change of the trypsin.
Effects of pH on the Enzyme Activity.
The variation of pH in the reaction medium can affect the stability of the enzyme and, consequently, its activity [14] . Hence, in this research, the effects of reaction pH on the activities of immobilized trypsin were studied and compared with those for the free trypsin. As can be seen, both free and immobilized trypsin had their highest activities at pH 8, which is the "optimum pH" value of trypsin (Figure 9(a) ). However, it can also be seen from the figure that the immobilized trypsin showed higher activities than the free trypsin both at pH 6.0 and in alkaline conditions, similarly to previous results reported in the literature [5, 22] . Possibly, the covalent interaction between the Fe 3 O 4 @CTS nanoparticles and trypsin increased the rigidity of the trypsin molecules, inhibiting the extensional distortion and nonspecific aggregation of the trypsin molecules, thus allowing them to better resist the effect of pH change.
Thermal Stability.
Because enzymes are generally sensitive to heat, enhanced thermal stability is among the most important properties of immobilized enzymes for applications. The thermal stability of the immobilized trypsin was measured in comparison with that of free trypsin. The results showed that the thermal stability of the trypsin immobilized on Fe 3 O 4 @CTS nanoparticles was improved compared with that of the free trypsin at 60 ∘ C (Figure 9(b) ). The free trypsin lost almost all of its activity at 60 ∘ C after 4 h of incubation, whereas the immobilized trypsin retained more than 84% of its initial activity after 8 h of incubation. The high temperature resistance and enhanced thermal stability of the immobilized trypsin may be the result of the covalently bound system, which prevented the conformational denaturation of the enzyme at higher temperatures, making it more heat-resistant than the soluble form.
In addition, to ensure that the activity losses during the thermal stability experiment are not due to the leaching of trypsin from the Fe 3 O 4 @CTS nanoparticles surface, the stock solutions of immobilized trypsin were determined from their absorbance at 280 nm, and the results indicated that there is no trypsin detected in those immobilized trypsin stocks' solution.
BSA Hydrolysis.
Trypsin is commonly used for protein digestion in the food industry, but because of its instability and difficulties with its recovery from the reaction solution, its application is limited. In contrast, immobilized trypsin has attracted extensive interest because of its advantages, such as ease of separation from the solution, greatly reduced digestion time, and greatly enhanced enzyme stability. In this research, BSA was used as a model protein to evaluate the activity of the immobilized trypsin, as shown in Figure 10 . The results showed that the trypsin immobilized on the surface of Fe 3 O 4 @CTS was capable of efficient BSA hydrolysis: nearly all of the BSA was hydrolyzed under the studied experimental conditions.
3.6.
Reusability. The operational stability of immobilized enzymes is crucial. Thus, in the present research, the reusability of the immobilized trypsin was evaluated by using the same batch of immobilized trypsin for repeated activity assays. The results showed that although the activity of the immobilized trypsin decreased as the number of reuse cycles increased, the immobilized trypsin nonetheless retained a residual activity of 82.3% after six cycles (Figure 11) . Thus, the prepared trypsin, immobilized by covalent chemical bonds, had excellent operational stability for continuous hydrolysis. Evidently, the covalent bonding of trypsin to the Fe 3 O 4 @CTS nanoparticles acted to enhance its conformational stability. In addition, the loss of activity of the immobilized trypsin can arise both from the inactivation and from the loss of trypsin during repeated use. However, because the immobilized trypsin possessed greater stability during reuse compared with the free trypsin, the decrease in its activity was offset by the ability of the trypsin immobilized on Fe 3 O 4 @CTS nanoparticles to be reused.
Conclusion
Magnetic Fe 3 O 4 @CTS nanoparticles were prepared by chemical coprecipitation and emulsion crosslinking and successfully applied to the immobilization of trypsin through covalent chemical bonding. 
